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ARSTRACT

The results of a program to investigate the distribution of unsteady
pressure on the blades of a stator blade row in an axial flow turbomachine
which operated in the wekes of an upstream rotor are presented. These
unsteady pressure distributions were measured using a blade instrumented
with a series of miniature pressure transducers which was developed in
this program. Several geometrical and {low parameters-—rotor/stator
spacing, stator solidity, and stator incidence angie--were varied to
determine the influence of these parameters on the unsteady respouse of
the stator.

A major influence on the stato& unsteady response 1s stator solidity.
At high solidities, the blade~to-blade interference has a larger contri-
bution. While the range of rotor/stator spacings investigated had a minor
influence, the effect of stator incidence angle is significant. The data
indicate the existence of an optimum positive incidence angle which
minimizes the unsteady response. Further studies are recommended to
determine the characteristics of the propagation of the rotor wakes over

the etators and the behavior of the surface flow during this interaction.

Accession For
NTIS Gibwxl
LDC TAB
Unannounced
Justification

By -
Distrilntdo/ |
AR Rl ber MeArne
Avo 1l 0,01
Dist ugcc;ai




RN D iyt i s

TABLE OF CONTENTS

ABSTRACT . . . . . . ¢« v v v v v e o o &

LISTOF FIGURES . . . . . . . . . . ..

NOMENCLATURE . . . . . . . . . . . . .
ACKNOWLEDGMENTS . . . . . . . . . . .
INTRODUCTION . . . . . . & v ¢ « o v o

Significance of the Investigation . .

Status of Existing Theoretical Knowledge
Statement of the Problem and Scope of the Work

THEORETICAL MODELS OF UNSTEADY TURBOMACHINERY FLOWS

Two-Dimensional Description of Flows

Mathematical Models of Unsteady Flows .

Isolated Airfoils . . . . . . .
Cascade of Airfoils . . . .

EXPERIMENTAL APPARATUS AND TEST PROCEDURE
Experimental Apparatus . . . . . . .

Axizl Flow Resear-h Fan .
Instrumented Stator . . . . . .
Instrumented Roter . . . . . .
Flow Field Measurement . . . .

Data Acquisition . . . . . .

Instrumentation and Signal Conditioning
A to D Conversion and Ensemble Averaging

Instrurent Calibration . . . . . .

Instrumented Stator Static Calibration .

Instrumented Stator Dynamic Calibration

Instrumented Rotor .
Hot-Film Anemometer

.

iv

12

12
15

18
18
18
20
26
29
32

32
40

43

43
46
52
52

e sy ot



s et G

TABLE OF CONTENTS (Continued)

PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS . . . « . . . 58

Rotor Wakes . . 4 v ¢« v v c o 4 o v o o o 0 s o s 0 0 v e o0 58
Unsteady Stator Blade PreSSures . . . « « + « o ¢ s o o o o 62
COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS . . . . . . . . 101
Unsteady Stator Pressure Distributions . . . « - « « « « « &« 101

Unsteady Rotor Force and Moment . . . . . + « « s ¢ « o » = 111
SUMMARY AND CONCLUSIONS . . . <« v + ¢ v ¢+ « &+ o o ¢ = o o o s o = 114
RECOMMENDATIONS . . . . . . . . . . « . e e e e e e e e e e 120
PEFERENCES . . o & v ¢ v v v ¢ v v 4 o o v o o o o s o o o o o o 123

APPENDIX A: THEORETICAL RESPONSE OF TUBE-CAVITY SYSTEMS . . . . . 126

[T s T

LR e e et o



Figure

10.

11.

12.

13.

la4.

15.
16.
17.
18.
19.
20.
21,
22.

23.

LIST OF FIGURES

Sears Function . . . . . . . . . ¢ o e e e e e e e
Schematic of Axial Flow Stage . . . . . « &

Ceometry of Axial Flow Stage . . . « . « « + ¢ « o &
Rotor Velocity Diagram at Inlet and Exit . . . . .
Rotor Wakhe Flow Relative to Rotor Blade . . . . . . .
Rotor Wake in Relative and Fixed Coordinates . . . . .
Representation of Isolated Airfoil in Steady Flow . . .
Representation of Isolated Airfoil in Unsteady Flow . .
Representation of Isolated Airfoils in Unsteady Flow
Axial Flow Research Fan (AFRF)

Tnstallation of S:tators im 4FRF . . . . . . .
Instrumented Stator Blade . . . .

Instrumented Stator Blade Cross Section and
Transducer Mounting Arrangement . .

Dimensions of Transducer Cavities and Predicted
Resonant Frequencies . . . . . . .« « . .+ &

Schematic of Pitran Transducer . . . . . . « + « &
Pitran Signal Conditioner . . . . . « . « . « « .
Instrumented Rotor Blade . . . . . « . « « ¢« « ¢« « o .
Location of Probes at Stator Inlet . . . . . . . . . .
Instrumentation Schematic . . . . . . .« . o o o .,
Schematic of Hot-Film Anemometer Signal Conditioner .
Phase Shift Introduced by Krohn-Hite Filter . . . . . .
Unfiltered and Filtered Hot-Filwm Gutput . . . . . . . .

Comparison of Phase Angle of Unfiltered and Cc .rected
Filtered Data . . . + + o v 4 4 o v o « o o o o ¢ o

it ol

.

vi

10

11

11

13

16

16

16

19

21

23

24

25

27

27

28

31

33

36

36

37

38




Figure

24,

25,

26.
27,
28.
29.

3q.

31.

32.
33.
34.
35.
36.
37.

38.

39.

40.

41.

42,

43.

LIST OF FIGURES (Continued)

Comparison of Phase Angle of Unfiltered and

Corrected Filtered Data . . . . « . « «

The Effect of the Number of Ensemble-~Averaging Sums

on Typical Pitran OQutput . . . . . . . .

Schematic of Pitran Static Calibration Setup . . . . .

Pitran Static Calibration Apparatus . .

Typical Pitran Static Calibration Data .

Schematic of Pitran Dynamic Calibration Setup . . . . .

Results of Dynamic Calibration of Pitran at

xX/e = 0,15 . 0 v v e v e e e e e e

¢« s s & o s

Results of Dynamic Calibration of Pitran at

x/c ™ 0.95 . . . e s e e e e e e e e e

Dynamic Calibration Setup of Instrumented

Rotor Blade .

Dynamic Response of Instrumented Rotor Blade . . . . .

Schematic of Hot-Film Calibration Tunnel
Typical Hot-Film Calibration Data .

Rotor Wake at the Stator Lzading Edge . .

Spectral Analysis of Typical Hot-Film Output . . . .

Variation of Instantaneous Angle of Incidence About

Time~Mean Incidence Angle, R/S = 0.5 . .
Typical Spectral Representation of Pitran

Unsteady Pressure Coefficient versus KReal
Surface, 1 = -2 deg . . . . . . . ..

Unsteady Pressure Coefficient versus Real
Surface, 1 = -2 deg . . . . . . . .

Unsteady Presaure Coefficient versus Real
Surface, £{ =17 deg . . . ¢« . ¢« .+ .+ . . .

Unsteady Pressure Coefficient versus Real
Surface, 1 = 17 deg . . . . . « . .+ . .« .

Output . .

Time-Suction

Time-Pressure

Time~Suction

Time—~Pressure

vii

42
44
45
47

48

50

51
53
54
55
57
60

63

64

66

68

70

72

74



Figure

44,

45.

46.

48.

49.

50.

51.

52,

53.

54.
55.
56.

57.

58.

59.

60.

61.

viii

LIST OF FIGURES (Continued)

Page
Unsteady Pressure Coefficient Variation During the
Passage of a Single Rotor Wake, {1 = -2 deg . . . . . . . . 77
Unsteady Fressure Coefficient Variation During the
Passage of a Single Rotor Wake, i = 17 deg . . . . . . . . 78
Unsceady Pressure Phase Angle versus x/c - R/S = 0.5,
= 0493 0 L L L L L s s e e e s e e e e e e e e e e e e 80
Unsteady Pressure Phase Angle versus x/c - R/S = 0.5,
O =0.986 . . &« & & e e e e e e e e e e e e e e e e e e 82
Unsteady Pressure Phase Angle versus x/c - R/S = 2.0,
0= 0.493 . . . L L L L e e el e e e e e e e e e e e 84
Unsteady Pressure Phase Angle versus x/c - R/S = 2.0,
0=0.986 . . . . . 0. 0.l e e e e e e e e 86
Suction and Pressure Surface Phase Angle Difference
versus Incidence Angle--Blade Passing Harmonic . . . . . . 89
Suction and Pressure Surface Phase Angle Difference
versus Incidence Angle--Twice Blade Passing Harmonic . . . 91
Relative Phase Angle Along Suction Surface with
Incidence Angle--Blade Passing Harmonic . . . . . . . . . . 93
Variation of Cpppg with Rotor/Stator Spacing at
Xfc = 0.02 . i .t h e e e e e e e e e e e e e e e e e 96
Variation of Cp with Solidity at x/c = 0.02 . . . . .. 97

rms
Variation of Cprms with Incidence Angle at x/c = 0.02 . . . 98
Variation of Cp with Chordwise Position ., . . . . . . . 99
rms

Compressor Blade Wake Interaction Considered by
Meyer (7) o & v v v v v v v e e e e e e e e e e e e e e 103
Summary of Measured Peak-to-Peak Pressure Coefficients
for x/c = 0,02, 0.05, and 0.15 . . . . . . . ¢+ o 4 . .. 107
Comparison of Measured and Predicted CPrms e v e e e e e 108
Comparison of Cprms Measured and Predicted at
x/e = 0,02 ., . ... O & N ¢
Magnitude of Unsteady Lift Gauge Output versus Harmonic
Number, R/S = 0.5 and 1 = 17 deg . . . « « « « « « o + - & 112




e o

ix
LIST OF FIGURES (Continued)
Figure Page

A-1. Cavity-Tube Model . . . . . ¢« v ¢ & v ¢ v o o o o o o « o & 127
A-2. Orifice Resistance Ratio versus Mach Number (33) . . . . |

A-3. Mach Number Effects on Cavity-Tube Response (34) . . . . . 13.

s o R e

A e

L i e e SR, — . - e




o

¢

NOMENCLATURE

magnitude of Fourier coefficient

chord length or speed of sound

nondimensional pressure coefficlent

diameter of pressure tap

end correct?on

frequency

angle of inciderce

tube length

unsteady 1ift

unsteady moment

an integer

atmospheric pressure

instantaneous value of unsteady static pressure on blade
static pressure downstream of b~nliwmouth inlet
radius

mean radius

axial spacing; trailing edge of rotor blade to leading edge
of stator blade

blade spacing

time

nondimensional time

nondimensional time referred to wake centerline
a function in reference (7)

linear speed of rotor at mean radius

velocity in a circumferential direction

free stream velocity or volume of transducer cavity




» = =

b

w

NOMENCLATURE
amplitude of velocity dis
axial component of veloei
velocity defect profiie
integrated velocity defec
integrated velocity efec
coordinate parcallel to st
nondimensional coordinate

coordinate perpendicular

flow angle in fixed coord
flow angle in mcving coor
vorticity

circulation

nondimensional blade cocer
parameter in Appendix A
X 10_6

frequency cof disturbaa. &
stagger angle, or dista.c
nondimensioral distance
mass density

golic 'ty

phase angle

redued frequency

(Cont’ued)

turbance nermal ro chera

ty

t; from Meyer (9)
t; from Lefcort (10)

ator blade chord

to blade chord
inates

dinates

dinate, or angle in Fourier analysis

e from centerline of wake




ACKNOWLEDGMENTS

This research was conducted under the sponsorship of NASA Graat
NGR 39-009-275, with additional support from Naval Seal Systems Command,
Code 035.

The cooperation of a 1arge numb_r of pecple greatly contributed to
all aspects of this investigation. Sipnificant work on the initial
design of the instrumentation had been completed prior to efforts by the
author,

The influence of the advisor, Dr. R. E. Henderson, cn this thesis,
as well as on the approach to problem solvirg, will "e of leng lasting
value, more important than technical lessons.

The frequent advice of Mr. E. P. Bruce greatly eased a variot. of
problems as well as being a lesson in experimentation. Mr. Bruce aisc
developed the instrumented rotor and peivformed the required cal‘bratioms.

The frequent aid of Mr. W. L. Nuss in the operation of the instru-

mentation is greatly appreciated.




INTRODUCTION

Significance of the Investigation

The turbomachine is a significant component in our society, used
almost universally in power generation and in aircraft and marine
propulsion. This device is used for the conversion of mechanical energy
into fluid energy, a pump or compressor, and fluid energy into mechanical
energy, a turbine.

The flow in a turbomachine is exceedingly complex. The fluid may be
a compressible gas in which shock waves may occur or an incompressible
liquid with cavitation. The flow in a turbomachine is inherently unsteady
and three dimensional with, in some cases, strong centrifugal and Coriolis
forces. The blades may vibrate and will be influenced by other blades in
the same blade row and in adjacent blade rows through potencial flow
interactions and by interaction with the viscous wakes shed by upstream
blades.

A major effort in turbomachinery research is tc obtain an under-
standing of the unsteady phenomena in such flows. Unsteady surface
pressures are caused by the unsteady flows which occur on the blades.
This causes unsteady forces and moments on the blades and, thus, results
in mechanical vibration, airborne radiated noise, and inefficient
operation. The present incomplete understanding of such flows is a
significaat obstacle in obtaining the turbomachinery performance charac-
teri;cics of reduced uwoise and increasrs  fuel efficlency required in
today's society. To achieve these goals, it is necessary that the
rurbomachinery designer be able to predict the unsteady response of the

blades as a function of available design parameters.
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Status of Existing Theoretical Knowledge

Various mathematical models have been formulated to describe the
unsteady flow in a turbomachine. Although the governing equations are
known (momentum, energy, continuity, and state), their enormous complexity
Las thus far prevented a complete solution. For examr'., thz momentum
equation gives three simultaneous, nonlinear, second degree, partial
differential equations whose dependent variables, velccity and pressure,
are functions of four independent variables, time and three space variables.
These equations can yield an approximate solution in steady flow, subject
to certain simplifying assumptions, that has been shown to be an adequate
approximation to certain types of ireal turbomachinery flows. In unsteady
flow, however, the validity of assumptions made, and the resulting approxi-
mate solutions have not heen demonstrated to be adequate in describing
real turbomachinery flows.

Historirally, unsteady analyses were first performed for an isolated
airfoil. Although it has been demonstrated that isolated airfoil analyses
are inadequate representations of flow in a2 turbomachine, it is valuable
to examine isolated airfoil analyses for the ( hniques used and the
results obtained. Von Karman and Sears (1) and Sears (2) determined the
unsteady 1ift of an 1solated flat plate airfoil subjected to a small

velocity disturbance normal Lo the chord. The solution 1is:

L= mpcV V eivts(w) , ¢D)

d

wita the 1ift acting at the quarter chord point at all times. The
reduced frequency, w, is a nondimensional quantity proportional to the
ratio of the airfoil chord to the wavelength of the disturbance, and

S{w) is the Sears function. The frequency of the disturbance is given




by V. The Sears function, plotted on the complex plane, is shown in
Figure 1.

The case of velocity perturbations parallel to the chord was con-
sidered by Horlock (3) who obtained a solution for the unsteady lift and
moment of an isolated flat plate airfoil subjected to a dlsturbance having
components both parallel and perpendicular to the chord. The solution
employs the Horlock function and has a form similar to the response to
a perpendicular disturbance. The effect of a chordwise (parallel) dis-
turbance can be of the same magnitude as the response to a perpendicular
disturbance in some situations. Horlock (4), and Nauman and Yeh (5)
extended these isolated airfoil analyses to consider the effects of blade
camber, Nauman and Yeh developed design charts that show the variation of
unsteady lift as a function of blade camber, stagger angle, and reduced
frequency. Holmes (6) has developed a theory for the prediction of the
unsteady pressure distribution. Holmes considered an isolated flat plate
airfoil in incompressible, inviscid flow at zero incidence, subjected to
a small sinusoidal velocity fluctuation perpendicular to the airfoil.

Meyers (7), considering the same geometry as Holmes, solved for the
pressure distribution on the airfoil caused by the interaction with a
moving viscous wake, The wake is approximated as a fluid jet having a
velocity perpendicular to the airfoil. 1In a simplified expression for
infinitesimally thin wakes, the shape of the wake did not appear, but the
pressure depended on the integrated contribution of the velocity fluctu-
ation in the fluid le:t. Fujita and Kovasznay (8) compared Meyers' pre-
diction with experimental data and found reasonabiy good agreement in

the trends of the data when no flow separation was present.
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Lefcort (9) extended the analysis of Meyers to cover the case of
thin wakes. As Lefcort's analysis is used here to predict the unsteady
pressure distribution, the analysis is diacussed in greater detail in
the discussion of experimental results.

The unsteady effects of an axial flow turbomachine stage have been
investigated by Kemp and Sears (10). The rotor and stator are each
represented by a cascade of airfoils. Each cascade had low solidity and
wag composed of flat plate airfoils. Their analysis considered the
unsteady effect caused by the relative motions of the cascades in steady
flow. The effects of the unsteady fiow considered in the upstream cascade
werg th2 unsteady flow only on the blade in question and its wake. In
thi~ respect, the unsteady analysis is similar to an isolated airfoil
analysls, The effects of the unsteady flow on the downstream cascade
considered the unsteady flow on the blade in question, its wake and the
vortex wakes shed by the upstream cascade. Using an empirical descrip-
tion of viszous wakes, they also considered the unsteady 1lift and moment
caused by the interaction of viscous wakes from upstream blades (11).

The analysis of a cascade of airfoils is performed in a similar
manner as that of an isolated airfoil, but must consider the effects of
adjacent blades and their wakes. Whitehead evaluated the unsteady lift
and moment. by an actuator disk approach (12), i.e., a cascade composed
of blades of zero chord, as well as a cascade of flat plate airfoils (13)
gubjected to an inlet disturbance. In an alternate analysis of rhe same
problem, Hencarson and Daneshyar (14), using a slightly different mathe-
matical representatisn of the blades, predicted a resonance effect: a
sharp change in unsteady 1ift when the disturbance wavelength equals the

blade 2pacing. This analysis also included the effect of blade camber.
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The analyses of (13) and (14) give similar results when the disturbance
wavelength does not equal the blade spacing.

There are meager experimental data available to evaluate the validity
of the theoretical models of the unsteady turbomachine flows. The lack
of experimental data is attributed to the complexity in producing a suit-
able flow and the measurement of unsteady parameters. Until the basic
assumptions in the models are verified and the range of conditioms where
the theories are an adequate representation of real flows are established,
the designer cannot use the theories with confidence. Henderson (15)
checked his results by deducing the unsteady circulation from measurements
of the circumferential variation of the time~-mean total pressure rise
across a rotor. The theory did not predict the exact maguitude of the
unsteady response well, but the trends in the experimental results agreed
reasonably well with the theory.

Bruce and Henderson (16) measured the unsteady lift and moment of an
axial flow fan rotor by instrumenting a segment of a rotor blade with
struin gauges. They determined that existing theories (13, 14) predict
trends in experimental data, but were inadequate in predicting the exact
magnitude of the unsteady response.

Satyanarayana (17) considered the interaction of a disturbance of
low frequency parameter that was transported with a velocity less than
the main flow and a cascade of airfoils. This type of disturbance is not
representative of real turbomachine flow but is useful in evaluating
theoretical predictions. Good agreement with the trends of the theory
by Henderson (15) was found, but there was a Jeviation in the nagnitude
of the response. Satyanarayana also obtained good agreement with tie
results of Holmes (18) in predicting the unsteady pressure distribution

of an isoclated airfoil.
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Statement of the Problem and Scope of the Work

In order to minimize the undesirable effects of unsteadv flow in
turbomachines, 1t is necessarv that the designer be able to predict the
effect of various design parameters on the turbomachine’s unsteady
performance. The designer, therefore, requires a theoretical analysis
of proven validity, or sufficient empirical data to determine the unsteady
performance of a new design.

The objective of this study was tc investigate the unsteady response
of a stator blad: caused by the interaction of the stator with the vakes
of an upstream rotor. A major portion of tnis effort was the develop-
ment of an instrumented stator to allow the measurement of the unsteady
pressures on both its pressure and suction sides during such an
interaction.

specifically, the objective of this study was realized by conducting
measurements of the following unsteady performance characteristics of an
axial flow turbomachine. The uasteady response of the stator blades to
the wakes shed by an upstream -otor was determined by measuring the
unsteady pressure at various locations along the chord, at the mid-span
of the blade. These measurements were conducted at the mid-span of the
blade to minimize the effects of the annulus -rall boundary layer. A
hot-film anemometer probe was used to measure the velocity field incident
upon the stator blades at the mid-span position at one circumf~--ential
locetion. The unsteady response of the rotor to the presence of the
stater blades was determined by measuring the unsteady 1ift and moment
at the mid-span of a rotor blade. These measurements were obtained by
instrumenting an independently supported section of the blade with strain

gauges. This instrumented blade was developed by Bruce (19).




The unsteady response was determined for two values nf rotor to
stator spacing, 2 and 1/2 rotor chord ieugths, two values of stator
solidity, 0.493 and 0.986, and three values of stator incidence angle,
-2, 5, and 17 degrees.

The unsteady pressure measurements are compared with the results of
Lefcort (9) for the pressure distribution on an isolated airfcil inter-
acting with a local velocity perturbation caused by a viscous wake.

Instrumentation and associated hardware were developed to measure
unsteady pressures. New techniques rfor the dynami: and static calibra-
tion of pressure transducers were employed. Data reduction and analysis
procedures were developed.

This investigation does not consider all the aspects oi unsteady
turbomachinery flow. Specifically, the effects of rotor and stator
camber, rotor and stator stagger angle, rotor solidity, and blade thick-
ness are excluded. All measurements were made at the mid-span of the
blades. Although the flow is three dimensional, the flow in the radial
direction was assumed to be zero. However, the assumption was not
verified experimentally. The variation of the unsteady performance at

other spanwise locations was not examined.




THEORETICAL MODELS OF UNSTEADY TURBOMACHINERY FLOWS

Two-Dimensional Description of Flows

The two-dimensional model of the flow in an axial flow turbomachine
congiders flow in the axial and circumferential directions. The flow
that exists in the radial direction in an actual turbomachine is entirely
ignored. In addition, the flow is assumed to be inviscid and, generally,
is considered in:compressible. Experimental correlations are used exten-
sively to account for viscous effects, the prediction cf flow separation,
and other factors that cannot be determined from the two-dimensional flow
model., Turbomachine design and/or performance predictions consider the
fiow to be steady and proceed with a two-dimensional flow model using the
hasic equations of fluid mechanics and experimental correlations as
discussed in various textbooks, e.g., (20).

Consider the intersection of a cylinder concentric with the shaft
and the rotor and stator blades of an axial flow turbomachine, at the
mean radius of the blades, Figure 2. If the cylinder is cut lengthwise
and flattened, the trace of blade intersections will be two parallel rows
of blades, a cascade, as shown in Figure 3. The rotor row has linear
veloclity U at the mean radius due to the rotation of the rotor. The
rotor inlet and exit flow can be expressed in a frame of reference moving
with the rotor speed U, or in a frame of reference fixed to the machine
casing. Figure 4 shows inlet and exit velocities in both moving and
fixed coordinates. The transformation to fixed coordinates is performed
by simply subtracting the velccity of the moving coordinates (the rotor
sreed) from the velocity observed in the moving coordinates.

The existence of a viscous boundary layer on the rotor blades rauseu

lower velocity flow in the region of the rotor wake. When viewed in
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12
moving coordinates (Figure 5), this flow can be seen as uniform in
direction but having a local regiuu of decreased velocity. The difference
between the local velocity and the velocity outside the viscous wake 1s
the velocity defect. The velocity defect can b~ viewaed as a fluid jet
in a direction opposite .ne main flow. The total flew is then the sum of
an ldealized flow that ignores the viscous wake and a fluid jet. The
fluid jet can be considered as a perturbation to the main flow.

When the wake velocity profile is transformed to staticnary coordi-
nates, the velocity defect becomes skewed and is at an angle with the
main flow, Figure 6, The flow outside the region of the wake is ai an
angle ¢, while the angle of the flow varies in the wake. When this flow
impinges or a downstream blade, the viscous wake causes the blade to
experience a changing angle of incidence.

The flow interucting with the stator is unsteady due to several
factors. The turbulence in the flow causes random rluctuations and hence
unsteadiness in the flow independently f other factors discussed herein.
As a consequence ot the relative motion between cthe wake and the stator,
the angle of incidence of the flow changes, giving unsteadiress cr time
variation. Although the wakes from each rotor blade ar= considered
identical, small differences in the rotor blades cause differences in
their wakes. This causes an additional spatial difference in the flow
field in the circumferential direction. An airfoil moving through these

spatial variations will experience a time varying flow field.

Mathematical Models of Unsteady Flows

Isolated Airfoils. A brief discussion of ma*hematical models of

unsteady flow over airfoils can be useful in visualizing the sources of
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interactio. between blades. In the following discussion of inviscid flow,
a general acquaintance with potential flow theory is assumed.

An infini-ely thin airfoil in a steady flow i{s represented by the
sum of a uniform, steady flow plus a series of vortices distributed along
the camberline of the airfoil. The uniform flow has constant direction
equal to the free stream flow upstream of the airfoil. A vortex is flow
whese streamlines form concentric circles. It has velocity only in the

circumferential directionm:

where [ i{s the circulatiou.1 Figure 7 shows an airfoil in steady flow
represented by vortices. The strength (or circulation) of the vortices
is adjusted so the velocities induced by the uniform flow and the vortices
have no component perpendicular to the camberline of the airfoil. To
give a unique value to the ci:cularion, the Kutta condition is imposed.
The Kutta condition is the result of the experimental observations which
show tuat a body with a sharp trailing edge moving uniformly in a fluid
will have its rear <tagnation point at the trailing edge. The velocity
field can be determined by calculating the sum of the velocities induced
by the vortices and the uniiorm flow. Once the velocity is known, the
momentum equation can be used to determine the pressure distribution.

An airfoil in nonuaniform flow can be represented by the sum of an
unsteady flow ficld, a series of unsteady vortices to represent the

airfoil (bound vcrtices) and a series of unsteady vortices in the wake

1. T = §veds, the circulation is the clnsed line integral of the
velocity vector in the direction ¢t the path of integration.

!
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of the airfoil, Figure 8. The unsieady vortices in the wake exist because
the flow upstream of the airfoill 1s irrotational and since no rotational
forces act on the flow, it must remain irrotational. The time varying
circulation on the blade is related to the circulation of the wake
vortices. The strength of the vortices representing the airfoil are
determined at each instant in time in a manner similar to the steady flow
case. At each instant in time, the velocities induced by the uniform
flow and all vortices, both bound and wake vortices, can have no component
perpendicular to the camberline of the airfoil. The Kutta condition is
used to fix the rear stagnation point at the trailing edge as in the
steady ilow. An additionzl comp.exity is introduced, however, by the
vortices in the wake. The strength of these vortices must be adjusted
such that the flow remains irrotational at each instant in time.

The Kutta condition for unsteady flow has been verified experi-
mentally under certain conditions (the wavelength of the disturbance is
small compared to the airfoil cnord) by Fujita and Kovasnay (8). It is
not known whether the Kutta condition is satisfied for all unsteady flows.

Cascade of Airfoils. The two-dimensional analysis of a cascade of

airfolls may be conducted with the same mathematical tools as employed
with isolated airfoils. The analysis is considerably more complicated in
that each airfoil is influenced by the presence of every other airfoil.
In a steady flow to compute the velocity field about an airfoil in a
cascade, the sum of the influences of vort! es used to represent each
blade must be included. In unsteady flow, the influences of the time
varying vortices used to represent each blade and the time varying
vortices in the wake of each blade must be added at every instant of time

to compute the velocity field about an airfoil, Figure 9.
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Consider a compressor stage consisting of a rotor and downstream

stator.
1.

2.

The folloving interactions cause unsteady effects on any blade:
The unsteady bound vortices of the bladv in question.
The unsteady wake vortices of the blade in question.

The unsteady bound vortices of other blades in che
same blade row.

The unsteady wake vortices of these blades.

The unsteady bound vortices and wake vortices of the
blades in the adjacent blade row.

These interactions must be considered with an unsteady flow fietd

that could be caused by an inlet flow distortion or by viscous wakes from

an upstream blade.

The above interactions are of such complexity that substantial

assumptions must be made before an approximate solution is obtained.

For the theories employed in this study ihe assumptions mad= are discuss.d

in the "Status of Existing Theoretical Knowledge' section, and the theory

of Meyer (7) 1s further discussed in the '"Comparison of Theoretical and

Experimental Results' secticn.
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EXPERIMENTAL APPARATUS AND TEST PROCEDURE

Experimental Apparatus

Axnial Flow Research Fan. The Axial Flow Research Fan (A'xF,,

Figure 10, consists of a bellmouth inlet leading tc an annular flow
passage 54,61 cm in diameter with a 24.13 cm diameter certer hub. 7% -
annular flow passage contains a rotor, stator, and auxiliary fan. The
rotor and stator cum;.. se the test section and the auxiliary fan provides
the ai- flow thvough the apnulus.

The rotor consists of 12 aluminum blades, including one blade
instrunented to measure unsteady lift and moment (i and i). The instru-
mented blade is described later. The blades have a 10% thizk uncambered
€1 profile (21} with a chord length of 15.24 cm anc span of 14.99 cm.
The rotor wos designed to produce zero l1ift at design conditions, i.e.,
zero angle of incidence at all blade radii. 7his feature simplifies the
analysis of unsteady flows by eliminating the steady rotor 1lift when
operated at this condition. The rotor can produce steady lift when
operated with the flow at a nonzero angle of incidence. The stagger
angle, £, equals 45° at the mean radius. The rotor is driven by a
14.9 kw motor contained in the center hub and located downstream of the
stator.

Input power and signal transmission lines from the instrumented
rotor blade run through the rotor hub tc the hoilow roter shaft to a
downstream l4-channel, coin silver glip-ring unit, then out through
holes in the aft support fins.

The stator, consisting of 4 or 8 blades having the same cross-
sectional shape as the rotor blades, car be positioned by changing the

outer casing and hub confieuration to give rotor/stator axial spacings

— e e e e e E U S P v
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1/2 to 2 chord leagths. This axial spacing is measured from the rotor
trailing edge to stator leading edge. The stator blades are untwisted
and have a stagger angle of 0°. Two of the etator blades are instrumented
to measure the unsteady pressure (P). Figure 11 is a photograph of the
AFRF showing the stators iustalied.

The auxiliary fan, located betwean the rotor drive motor and exit
throstle, delivers 425 x 106 cubic centimeters of air per minute o a
pressure of 8.9 cm of water gauge at the nominal cperating conditicn.
The auxiliary fan drive motor and the rotor drive motcvr operaticnal
characteristics can be independently contrelled by two adjustable
frequency drive inverter units.

A ouce-per-rotor-revolution voitage spike is produced to indicate
the position of the retor in c¢ach revolution. A disk with an open radial
slot rotates with the rotor shaft. Uhen the open portion of the disk
passes in front of a iight beam, a2 photocell is activated. The resulting
voltage spike permits the accurate synchronization of data produced
during different rotor revolutions.

A wooden erclosure covered with a thin layer of foam and screen
covers tke hellmouth of the AFRF to remove any rotation in the inlet
flow and to reduce inlet turbulence.

A more extengive description of the AFRF 1g¢ contained in Reference
(25).

Ins:rumented Stator. Two of the stator blades were inatrumentred to

meastre the unsteady pressures vesulring from the inter an cf the
staters and the wakes trom the upstreuam rotor blades. One birade,
fabricated from aluminum, contained six transducers located at 5%, 15%,

30%, 40%, 50%, and 75% of the chord. A second, brass hlade contzined

et T . e aw o
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transducers at 2%, 40%, and 95% chord locations. Each blade has a
transducer at 40%Z chord to check whether the flow over the two blades
is similar.

Each instrum ated blade consisted of two sections that fit together
to form internal cavities in which oressure transducers were mounted.
A photograph of a disassembled blade and transducer is shown in Figure 12.
The transducers were mounted betwezn a pair of O-rings which form a

pressure tight seal and permit assembly and disassembly with relative

- ease. Each cavity is connected to the surface of the blade by holes

perpendicular to the blade surface. A blade cross-section and details
of the tr--sducer mounting arrangement are shown in Figure 13. The
dimensions of the intefnal cavities and surface taps are shown in Figure
14. The surface taps were located about the mean radius in a staggered
manner which covered a spanwise extent of approximately 2.5 cm. This
staggering was used to minimize spurious pressure fluctuations caused by
flow in the vicinity of an upstream surface tap on a downstream surface
tap.

To measure pressures on only one side of a blade, the holes on the
opposite side were covered with tape. FEach blade also contained passages
that lead from the transducer to the outside casing of the AFRF. These
passages contain electrical leads and provided atmospheric pressure to
the reference side of the transducer (see description of transducer
below).

The transducers employed were Pitran Model PT-M2 differential
pressure transducers manufactured by Stow.Laboratories. The Pitran is a
silicon NPN planar transistor with the emitter-base junction mechaniczally

coupled to a diaphragm as shown schematically in Figure 15. Displacement

b g
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of the diaphragm produces a large, reversible change in the gain of the
transistor.

The Pitran transducers measure a differential pressure When
installed in the stator, the unknown blade surface pressure is applied
to the face of the diaphragm and atmospheric pressure to the reference
side of the transducer.

The advantages of the Piti 1 include:

1. Linear outpu“ cver the rated pressure range (0.25 PSID
for Model PT-M2).

2. High level of cutput signal (on the order of 1 volt
per cm of water).

3. Resonrant mechanical frequency greater than 100,.00 Hz.
4, Small size (0.5 cm).

5. Large overload capability (700% of rated pressure can
be tol»rated without damnge).

The overload capability is important as the exact magnitude of the
unsteady pressures on the blades were unknown at the beginning of this
study. Included with the Pitran is a signal conditioner -hich is shown
schematically in Figure 16.

Instrumented rotor. One rotor blade was instrumented to measure

unsteady force (L) and unsteady moment (M). As shown in Figure 17, a
2.54 cm span blade of this segment is cantilevered from the blade hub at
the mid-chord position by means of a beam that has the lower portion of
its length machined as a torque tube, and the upper portion of its length
machined as a force cube. The center section of the blade segment is
located at the mean radius. The torque tube and force cube have been
instrumented using miniature strain gauges. The 2.54 cm span <egment 1s
made of magnesium to minimf{ze its mass and movement of inertia and is

structurally independent of .he rotcr blade except for the cantilever

v e




PITRAN

DIAPHRAGM

LL STYLUS

SEMICONDUCIOR MATERIAL

/ l K——ELECTRlCAL LEADS

Figure 15. Schematic of Pitra: fransducer

861 SIGNAL CONDITIONER

[ e - - - - -—————y o = ——
| \
. t

r - 1
PITRAN BIAS SECTION 1 VARIABLE GAIN |

+t~— WITH ACTIVE FEED F==-= ISOLATION -~

{ t |
L?_A,CK STAB\UZ/\TK)N__J ‘LAMPLIFIER !

—— . —— - -

Figure 16. Pitran Signal Conditioner



BLADE TiP SECTION
INSTRUMENTED
BLADC HUB SECTION

SEGMENT

-
%

§§x:?§§g§§?ii’lv§s§aaee;

AN

TIP-SECTION
SUPPORT POSYS
FORCE CUBE
TORQUE TUBE
ROTOR HUB—

Instrumented Rotor Blade

Figure 17.

-t

:
Nl o



29

mount. The aluminum tip portion of the blade attaches to posts on the
aluminur hub section which pass through slots in che instrumented section.
A minimum clearance of 0.0127 cm is maintained at each mating surface.

The magnesium has been mass-balanced to preclude ureven displacement. A
more detailed description of this blade is presented in Reference (19).

Flow Field Measurement. Measurements were made of pertinent flow

parameters in the vicinity of the stators. The axial velocity, Vx, the
resuitant velocity upstream of the stator, V, the angle of incidence, i,
between V and the stator chord, and W, the velocity defect caused by the
viscous rotor wakes were determined.

The a.ial velocity, Vx’ was determined from the static pressure, Ps,
measured by a pressure tap in the fan annulus 13.5 cm downstream of the
inlet bellmouth from :he following relation where Patm is the atmospheric
pressure:

2P -P)
- atm s (2)
Vx o

A differential pressure transducer was used to measure (Patm-Ps) and p
was calculated from the Ideal Gas Law. The pressure transducer used
was a varilable reluctance type manufactured by Validyne Engineering
Corporation. The transducer was calibrated by comparing the output
voltage to the pressure indicated by a micromanometer with an identical
pressure applied to each instrument.

A three-hole wedge probe was positioned at the mean radius approxi-
mately 3 cm upstream of the stator. The two static taps of the three-
hole probz are located symmetrically on opposite sides of a wedge so that
the probe can be aligned in the direction of the flow by makiag the

static pressure at each static tap equal. An indicator on the prolec and
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a protractor fixed to ! AFRF outer casing were used to measure ' =
angle between the wedge and an axial reference line.

A hot-film anemometer probe was located at the mean radius and
equipped with a pointer and protractor to permit aligmment with the flow
as determined from the three-hole prohe. The average velocity upstream
of the stator was determined from the D.C. voltage output of the
anemometer. The velocity profile of the rotor wake was determined from
total anemometer voltage. The hot-fila probe measures the component of
the rotor wake velocity profile that is parallel to the main flow. The
velocity defect may then be calculated from the geometry shown in Figures
5 and 6. The hot-film probe is a commercially availatle type with sensor
dimensions of 0.00254 cm diameter » 0.0528 cm long.

Both the three-hole and hot-film probes were located circumferen-
tially in between stator blades to minimize the effect of the probe wake
on the flow field cn the blades, Figure 18. Because of the design of
probe mountiang holes in the cuter casing of the AFRF, it was desirable
to change the probe circumfer>ntial positions when the relative positions
of the rotor and stator were changed in order to mount the hot-film probe
at an axial location as close as possible to the leading edge of the
stator. In such an axial location, the probe will record the rotor wake
characteristics that more neirly represent the wake at the stator l.ading
edge. The hot-film probe was 2 cm upstream of the stator leading edge
when the stator was positioned at rotor/stator spacing of two chord
lengths, and 2.5 cm upstream when the rotor/stator spacing equaled 1/2

chord length.




31

33TUI 103B3IS Ie 83qO01d 40 uoyIwdoy QT IanItg

(QYOHD 2/1 = ONIDVdS HOLVLIS -3010Y ¥04) I80¥d W1id LOH
{SQYOHD 2 = ONIOVJS YOLVIS-¥OL08 ¥O4) 3808d 3T0H € -

//// \\\.\
NN \\\\
$3QY78 YOL¥IS QIINIWNYLSNI RN S
7
L N
\ KN
S30V19 ¥OLVIS et N
JLYNYILIV 40 NOILYIOT i N
\\\ ////
N\

(Q¥OHD C.1 = ONIIVAS BCIVIS-3010d ¥03) 3808d 310K €
{SQYOHD 2 = ONIDVS YOLVIS-HOL0d ¥04) 380Ud W4 10H

A

-




32
Pata Acquisttion

Instrumentation apd 5'gnal Conditioning. Figur=z I3 shows a schematic

of ~he inctrumertzilon and signal conditioning used. “he Pitran signal
conaitloning was performed by a Stow Laboratories Model 861 S5ignal
Conditioner. The Model 861 Signal Conditioner includes a Pitran bilasing
sectica with a dynamic blas stabilization loop and a variable gain
isolation amplifie: shown in Figure 16. The bias current to the Pitran
is continuously adjusted to cancel the response of ''slow" ahanges of
transducer output. These "slow'" changes are caused by the pressure on
the reference side Pitran diaphragm and temperature effects. Thus, there
is no need for zero adjustment since the stabilization circuit has a time
constant of about one second. With the Model 861 Signal Conditioner, the
Pitran will respond to pressure changes that occur on the order of one
second or faster. These features are well-suited for measuring unsteady
pressures in a turbomachine. Both the steady state pressure and voltage
drift due to the Pitran or the signal conditioning electronics are ignored.
The variable gain isolation amplifier permits the Model 861 output to be
used directly with a recording device.

The output of the hot-i1ilm anemometer was conditicned to enable the
tape recorder to reproduce the rotor wake characteristics with suitable
accuracy. The anemometer output contains a D.C. voltage corresponding
to the average velocity encountered and an A.C. voltage corresponding co
the fluctuating velocity in the wake of the upstreaam rotor blades. Since
the A.C. portion is considerably smaller than the D.C. portiun of the
signal, the tape recorder could not reproduce the rotor wake signal with
the desired accuracy. Therefore, an amplifier was designed to enhance the
A.C. portion of the signal. A schematic of the A.C. amplifier is shown in

Figure 20.
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The amplifier consists of two op—-amp cirecuits. In the first op-amp
circuit, a resistor was adjusted manually to control a "bucking' veltage
to cancel the D.C. portion of the signal, leaving only the A.C. sigual
as the input to the serond op-amp =ircuit., A resistor in the s«uvond
op-amp circuit was adjusted tv determine the gain of the circuit. The
output of the signal conditioning civcuvit was the amplified A.C. portion
of the anemometer signal. The circuit gain was set at 15.00. This gain
was found suitable for preparing the hot-film signal for recording.

The strain gauge signals from the instrumented rotor blade were
obtained using the strain gauge as one element in a standard Wheatstone
bridge. The bridge output was then amplified with a gain of 1000. A
capacitor was used in the amplifier output to block the steady voltage
caused by steady loading on the rotor blade and by signal drift in the
electronics.

Tne signals from several of the Pitrans were contaminated by a large
60 Hz component. Since the Fitran output contains no significant infor-
mation near this frequency (the lowest rotor _lade passing frequency is
200 Hz), a high-pass filter set at 80 Hz was used to eliminate the 60 Hz
signal. The output of all Pitrans and the hot-film anemometer signal
were filtered at this settiug.

The outp.t of e strain gauges was filtered with a high pass filter
set at 30 Hz as the lowest frequency of interest is 67 hz. The once-per-
revolution pulse was filtered with a low pass filter set at 8000 Hz which
has no significant effect on the pulse. The original purpose of filtering
all the data, instead of filtering only the Pitrans having the 60 Hz
contamination, was to minimize the effect of the phase shift introduced

by the filter. With all data having the same phase shift, i: was
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expected that relative timing of the transducer response would be
maintained.

However, the filters do introduce a phase shift as a function of
input frequency. Figure 21 shows the phase shift as a function of the
ratio of input frequency to the cutoff frequency of the filter as given
by Reference (22). This phasz shift had a significant effect on the data.
Figure 22 shows a hot-film signal that was recorded after being filtered
and the same hot-film signal that was recorded unfiltered. Each signal
has been ensemble averaged using 100 sums. The dramatic difference
between the two signals is caused by the pnase relation of the constituent
frequencies and made it necessary, therefore, to correct the data. Each

signal was Fourier analyzed, that is decomposed, into the form:

=]

nfl C, cos(nd - ¢n) . (3)

The Fourier analysis of the unfiltered signal considered the first 60
terms of the Fourier series, and the filtered signal calculated from the
first 60 terms with the phase angle ¢ was adjusted to compensate for the
filter. Figures 23 and 24 show the magnitude and phase of these signals.
Since these two signals are virtually identical, it is feasible to use
the Fourier analyses and phase ghift compensation technique to correct
the data.

The tape recorder used was a Bell and Howell seven-channel FM data
tape recorder. The recorder was cperated at 1-7/8 ips, resulting in a
cutoff frequency of 1250 Hz. This was sufficient to record four times
the highest blade passage frequency encountered. Subsequent frequency
analysis of all the signals showed this frequency limit to be adequate.

Frequencies greater than 1250 Hz were present in several “ot-film signals;
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Figure 20. Schematic of Hot-Fi.m Anemometer
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however, their magnitude was not sufficient to infiluence the results.
Only four of the tape recorder channels were used, those channels using

a single recording head, to eliminate the phase shift introduced by using
different recording heads. To record the twelve chanrnels of information
(nine Pitrans, two strain gauges, and tlie hot~film anemometer), three
channels plus the synchronization pulse were recorded, then three
different channels were substituted, with the operating condition of the
AFRF unchanged. This process was repeated until all the data was recorded.
The four channels being recorded were monitored on an oscilloscope at the
*ape 1ecorder input and at the tape recorder reproduce terminal to assure
thet all signals were being recorded properly.

As the data was being recorded, the signal from each repiroduce
terminal of the tape recorder was analyzed with a Spectral Dynamics Real
Time Analyzer Model SD301C. The analyzer determined the signal outpuc
as a function of frequency. The frequency spectrum was averaged sixteen
times; then the average frequency spectrum was plotted. In this way, the
frequency content of the "raw" data was knoun and provided a useful check
that the data acquisition system was functioning properly as well as
providing a means for gaining insight into the physical situation.

A to D Conversiou and Ensemble Averaging. The data were analyzed

with an IBM System 7 real-time computer. The System 7 was programmed to
perform an ensemble averaging technique. This technique enhances the
portion of the signal that is periodic with respect to a synchronfzation
pulse. Each signal, whecther from pressure transducer, anemometer probe,
or strain gauge bridge, can be considered tc be ihe sum of a response to
the phenomena of interest that 1s periodic with respect to tne rotor

period; e.g., the velocity fluctuation due to the rotor wake, plus a
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signal that is not periodic with respect to the rotor period. The non-
periodic signal could consist of turbulent fluctuaticns, electronic noise,
or a response 0 events not related to the rotor/stator interaction.
Since the Pitrans respond to pressure fluctuatior.. they not only respond
to fluctuations caused by the interactior with the rotor, but also to
acoustic noise generated inside and outside of the fan. As discussed
later, there is a significant level of acoustic noise in the Pitran outpu..

Fnsemble-averaging consists of the pointwise addition of a signal
during one rotor period to the signal obtained during the previous rotor
period. a signal periodic with the rotor period will have its amplitude
doubled, thus preserving the signal, while a random or ronperiocdic signal
from one period will not correspond pointwise with another period and its
sum will tend to diminish. To obtain the periodic signal, the summed
value is then divided by the number of sums used. If a sufficiently
large r.mber of svms are used, the nonperiodic poriion becomes negligible
compared to the periodic portion. Figure 25 shows the effect of taking
a different number of sums.

The three chann.'s of data and the once-per-revolution s ~chroni-
zation pulse from the tape recorder were used as the input to Syscem 7.
The computer program used had a mirimum samp.ing rate of 500 usec. That
is, it would digitize a point of the input signal every 500 usec. This
rate was too low to give sufficient resclution of the signal. 7o
increase the resolution, the tape recorder playback-speed was halved,
from 1-7/8 1ps to 15/16 ips. The System 7 then digitized and ense “led-
average the data channels sequentially, one channel at a time, sturing
the results from the previous channel then switching to the next channel

until the analysis of all three channels was cmpletel. The ensemble-

averaged data were then punched on cards for storage and additional analysis.
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Instrument Calibration

Instrumented Stator Static Calibration. A static calibration was

performed to determine the sensitivity of the Pitran transducers to a
known time-independent pressure. This sensitivity ie then used to
convert the voltage output of the transducers to a pressure. A schematic
represencation of the calibration procedure is shown {n Figure 26. A
known steady-state pressure, determined by a Validyne pressure transducer,
was supplied to a test chamber containing the instrumented stator. The
reference side of the Pitrans wers connected to atmospheric pressure
through the bottom wall of the test chamber. The pressure in the test
chamber was not constant, but fell slowly with time, indicating a small
amount cof leakage along the O-ring seal holding the Pitran. The amount
of leakage thet would occur during a test with the plade installed in

the AFRF is not believed to have any effect on the Pitran time-dependent
output, however, since in the AFRF, the rate of change is several orders
of magnitude faster. The small leakage flow would be ventea to atmos-
plieric pressure and should not affect the pressure on the reference side
of the Pitran. A photograph of the stator mountad in the test chamber

is shown in F'zure 27.

The difference between the output of the Pirran before and after the
pressure was applied and the outpui of the Validyne was compared to
obtain the Pitran static sensitivity. This procedure was performed for
a range of static pressures. The standard deviation of the sensitivity
of the Pitrans at x/c = 0.02, 0.05, and 0.15 indicated an uncertainty of

+52, *3%, aad 8%, respectively,
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Figure 26. Schematic of Pitran Static Calibration Setup
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The 861 Signal Conditioners were modified per the manufacturer's
instructions to eliminate the active feedback portion of the circuit that
cancels long-term variations in the Pitran output. This permitted the
Pitrans to respond to steady static pressure. In this mode, the Pitran
output tended tr~ Arift. This effect was minimal during the calibration
because the Pitran sigual was recorded immediately before and after the
pressure was applied. The signal drift during this time was negligible.

The data from a typical static calibration are shown in Figure 28.

Instrumented Stator Dynamic Calibration. The fluid in the tube-

cavity system contiecting the Pitran to the surface of the instrurented
stator, Figure 13, can influence the pressure in the interior cavity
since the fluid experiences friction and has inertia and stiffness. As
discussed in greater detail in Appendix A, the pressure in the interior
cavity varies in magnitude and phase as a function of tube-cavity
geometry, frequency of pressure fluctuations, and fluid properties.

To determine the influence of the tube-cavity arrangement on the
transducer output, as well as to determine the Pitran dynamic sensitivity,
a dynamic calibration was performed. Sound waves were used as a pressure
source. A schemati: representation of the calibration design and instru-
mentation employed is shown in Figure 29. The amplified output of an
oscillator was used to drive a three-way speaker which contains woofer,
midrange, and tweeter speakers with an electrical cross-over network that
functions to supply the input to the appropriate speaker as a function
of frequency. A 1/4-inch Bruel and Kjaer condenser microphone, Type
4136, and the instrumented stator were positioned equidistantly, approxi-
mately 200 cm, from the speaker. The sound prersure sensed by the micro-

phone 15 assumed equal to the pressure on the surface of the instrumented
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stator. This assumption is only valid at freguencies at which the

pressure increase caused by the reflection of sound waves from the

stator blade and microphone are negligible.

The output of the 861 Signal Conditioner was analyzed with a Spectral

Dynamics Corporation Model SD301C real-time analyzer. The analyzer output

49

was displayed on an oscilloscope as a function of the frequency. The

output of the Pitran at the frequency of the incident sound waves could

be read from the oscilloscope. Using this value for the Pitran output

allowed the noise present in the signal to be ignored.

Using the microphone calibration (a constant value from 150 to
15,000 Hz per the manufacturer's calibration), the microphone output
and the output of each Pitran, the sensitivity of each Pitran can be

determined as follows:

Pitran Sensitivity VOLTS Microphone Sensitivity YOLTS
U bar p bar

Pitran Output [VOLTS]
x Microphone Output [VOLIS] °

(4)

As the microphone and the instrumented stator are equidistant from

the speaker, a phase meter connected between the Bruel and Kjaer ampli-

fier output and the 851 Signal Conditioner output measures the phase
difference between the pressure on the surface on the blade and the

pressure in the interior cavity.

Sample calibrations showing Pitran sensitivity and phase angle versus

frequency are shown in Figures 30 and 31. The effects of tube-cavity

resonance can be seen. The sensitivity at frequencies greater than about

500-600 Hz may anot be accurate due to wave reflection effects. The

frequency at which wave reflection effects become significant are

ke SRkt 4 e o



50

610 = 2/X 3 uUBIITd IO UOTIRIQTIIE) OTWeUAQ JO S2ITNS3dY °*Qf 2an3ijg
{ZH) ADN3ND3IY4

0001 001

L T T | LR T T L § T T ,o
-m \— 2
/1 ¥ =
\3 b4
/ ,_ » >
(]
| o 08 m
_ -5 S
. o.-—0 ° ot S
\ o~ o m

dIOIolboa\Q
(o] o ° o w
e 0= == =0 = e —

o008 g 0" °To= 7o ~oo- 3
o%~9 o =
[o 94 -
%~ o q405- <
\ \O\\ =
\ 0 -1 0v- g
o —

g i e g ———n

P




51

66°0 = °/X 3B UBIIT4 JO UOIIBRIQI[E) OFWRUAQ JO SITNS3aY *Tg IIn3T4

{ZH) ADN3IND3YS

0001 001
| L 1] 7- T T 1 T T v T
A E
/° \ 09
oob\ \
° o 08
0-020 ||0.\O \ - —0— L0
Q _o—"9 % 4 0t
\ o
(o) O\\ [o] (1741
\ s
\ F

\7/
o) o8-
— o)
g dd/oo o
/oﬂ _ -0~ —0—0-O9g —~ — — — = (9-
o=
V,O; 0\0\ o o 05-

15334930) ITINV ISVHd

(8P} ALIAILISAS

e h st s i B on

Ve . . ot

S ST Wy A

"y
am "

L

Lt ol
-
. R




52
specified in Reference (23) in which a correction for the pressure
increase on a microphone diaphragm caused by the reflection of sound
waves is given. A 2 dB change {n the microphone sensitivity occurs ‘hen
the incident wavelength is 25X of the microphone diaphragm diameter.
Assuming geometrical similarity, a wavelength 25X of the stator blade
dimension (a square approximately 15 cm on each side) corresponds to a
frequency of 550 Hz.

The dynamic Pitran sensitivity in the frequency range giving a flat
response agreed wel! -'ith sensitivity obtained from the static calibration.

Instrumented Rotor. The sensor portion of the instrumented rotor

blade was statically calibrated by supporting varying krown masses and

recording the resulting strain gauge output. 1This resulted in a force

cell sensitivity of 4.198 x 10-3 volts/gm and a moment cell sensitivity
of 7.929 x 10_7 volts/dyne cm,

The mechanical resonance of the sensor was also investigated using
electromagnetic shakers to apply time varying forces and moments. The
instrumented segment of the rotor blade surface was replaced by a metal
bar with a mass and moment of inertia equal to the rotor segment. The
shakers could be arranged to provide either forces or moments as shown
in Figure 32. Th~ force output of a shaker is independent of frequency,
but is difficult to determine. Therefore, the output of the shaker is
determined using the static calibration results at frequencies much less
than the resonant frequencies of the sensor. The dynamic response of the
gensor to an applied force is shown in Figure 33.

Hot-Film Aner~meter. The hot film anemometer was calibrated in a

small wind tuanel shown schematically in Figure 34. This wind tunnel

consists of a centrifugal fan, connecting ducting, a constricted test
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section, 2 large expansion section, a2 heater, and associated electrical
controls. The hot-film probe is inserted into a probe holder in the test
section. The probe holder als~ contairs a temperature sensor. The
velocity in the test section sensed by the hot film is computed knowing
the pressure drop across the inlet nozzle and the density of tle flow.
The pressure differential, AP, is sensed by the Validyne pressure trans-
ducer and the density is computed from the Ideal Gas Law, knowing the
temperature and atmospheric pressure. Atmcspheric pressure was measured
with a mercury barometer. The calibration cousists of re¢ > rding the hot-
film output =s a function of velocity. A family of curves for different
alr temperatures is obtained by using the hezter tc raise the air

temperature. A typicai calibration iz shown in Figure 35.
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PRTSENTATION AND DISCUSSIONS OF EXPERIMENTAL RESULTS

Using the instrumentation described above, measurements were con-
ducted on the wakes shed by the rotor, the unsteady static pressures on
the stator blades, and the unsteady lift and moment on the instrumented
rotor blade. These measurements were conducted as a function of stator
steady incidence, rotor/stator spacing, and stator solidity, or space-to-

chord ratio. The test variables were:

Stator incidence: -2, 5, and 17 degrees
Rotor/stator spacing: 0.5 and 2.0 rotor chords

Stator soliditr: 0.493 and 0.986.

In the following sections, the data obtained with each uf these

different forms of instrumentation emploved are present” . and discussed.

Rotor Wakes

The unsteadv pressures on the stator blades in this experimental
setup, Figure 10, are generated by the Interaction of the stator blades
and the wakes shed by the upstream rotor. These rotor wakes were
measured using a hot-film anemouweter as previous described. The
anemometer was placed with its sensing element perpendicular to the
flow. With the anemometer so positioned, the velocity variation as
a function of time was determined. Knowing the position of the
anemometer and the absolute flow angle, it is possible to determine
the velocity variation due to the rotor wakes at the leading edge of
the instrumented stator blades.

An important element in obtaining these time varying data is to

reference the time from a given spatial location as the rotor blades

LY
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move past the hot-film anemometer. This was accomplished by embloying
the once-per-.evolution pulse from tte rotor shaft mounted photoelectric
device described above. With this once-per-revolution pulse, it is
possible to ensemble-average the output of the hot-film anemometer to
remove the random varia:ions in the flow.

Figure 36 (a) and (b) shows the ensemble-averaged velocity variations
at the instrumented stator leading edge as a function of time for each of
the rotor/stator spacings, stator solidities, and incidence angles investi-

gated., The instantaneous velocity is nondimensionalized by the time-mean

. circumferential averaged velocity which is given by the D.C. voltage

output of the anemometer. Shown in Figure 36 are the wakes for one
revolution of the twelve-bladed rotor, i.e., between consecutive trigger
pulses. The rotor shaft speed (1000 RPM) was identical for stator
incidences of -2 and 5 degrees. The RPM was increased to 1428 RPM to
obtain the stator incidence condition of 17 degrees as evidenced by the
shorter lapsed time for one rotor revolution.

At a rotor/stator spacing of 0.5 rotor chord lengths, Figure 36 (a),
the wakes are observed to have a sharper deficit in velocity than observed
at a rotor/stator spacing of 2.0. This is caused by the mixing and
diffusion of the wake as the distance from th¢ -tor trailing edge is
increased. It is also evident that the blades = not all geometrically
similar. One blade in particular has a greater velocity deficit, which
is presumably caused by a slight misalignment of the biade in the rotor
hub.

To describe the response of the stator blades to the wakes of the
rotor blades, an averaged wake was constructed from those measured in

one rotor revolution. This wes accomplished by breaking the measurements,
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Figure 36, into twelve equal time intervals which were then averaged.
This effectively gives an average wake deficit for describing the response
of the stator-blade. This averaged deficit will change for each stator
incidence angle, solidity, and rotor/stator spacing.

Figure 37 shows the frequency analysis of typical hot-film signals
performed by the Spectral Dynamics SD301C. The signal can be seen to
contain strong responses at rotor blade passing frequency (BPF) and
multiples of BPF. Each higher multiple of rotor BPF decreases in magni-
tude. At a rotor/stator spacing of 2, the higher harmonics decrease
rapidly such that the second harmonic is aoproximately 14 dB less than
the signal at rotor BPF, and the third harmonic is not visible above back-
ground noise. At a rotor/stator spacing of 0.5, the decrease in magnitude
of each harmonic is more gradual; for example, the fourth harmonic is
10-15 dB less than the response at rotor BPF.

The wake velocity can be used to calculate the variation of the
angle at incidence as the wake reaches the leading edge. Figure 38 shows
typical variations in the instantaneous angle of incidence during the
interaction with a single viscous wake. This variation will decrease at
a rotor/stator spacing of 2.0 chord length since the wake is more diffused

and mixed out.

Unsteady Stator Blade Pressures

The wakes shed from the upstream rotor b"ades interact with the
downstream stator blades to generate unsteady pressures and lift on the
stator blades. Using the instrumented stators previously described,
measurements were made of the unsteady static pressure on both the
suction and pressure sides of the blades. 1In this experiment, the

pressure side of the stator was defined as that surface facing the rotor
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as the rotor moved toward the stator. The suction surface is then the
opposite surface. This definition is consistent with the circumferential-
mean steady flow which impinges on the pressure surface at a positive
value of stator incidence.

The spectral analyses performed by the Spectral Dynamics Model SD301C
real-time analyzer were used as a means of assuring that the data acquisi-
tion system was functioning properly and as an aid to understanding the
nature of the unsteady pressures recorded by the Pitrans. At each chord-
wise location, the signal consists of a broadened background response,
presumably from turbulence in the flow, and strong response at discrete
frequencies. These discrete frcjuencies correspond to the rotor blade
passing frequency, its multiples, and the downstream auxiliary fan blade
passing frequency and its multiples. Figure 39 shows a typical Pitran
response in the frequency domain. Also shown 1s the magnitude of the
Fourier coefficients of the same data after being ensemble-averaged using
10C sums. Quite striking is the absence of the auxiliary fan blade
passing frequency in the ensemble-averaged data. Since it is not harmonic
with respect to the rotor period, the ensemble-averaging eliminated this
response.

As discussed above, these unstzady static pressures were obtained at
two values of rotor/stator spacing (0.5 and 2.0 rotor chord lengths),
three gtator incidences (-2, 5, and 17 degrees), and two stator solidities
{0.493 and 0.986). As a result of this large number of variables, there
was a considerable volume of data obtalned. The presentati a of all of
these data is not possible. Tierefore, a presentation will be made of
some typical data to demonstrate the type of data obtained and the trends
observed. These data will then be summarized to show the effects of the

various test variables on the unsteady surface pressures.
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One method of vresenting these data is to show the variation of
static pressure on both the suction and pressure surfaces as a function
of time. These measurements were obtained by taping one side of the
tranaducer cavity closed, Figure 13. The pressures observed are then

referenced to the atmospheric pressure, P_, , acting on the back of the

atm
transducer. The resulting signils from the Pitran transducers were then
ensemble-averaged and converted to a pressure, 5, (psi) using the cali-
bration constants obtained during the calibration of the Pitrans. These
data were nondimensionalized by the fluid mass density, p, the time-mean
circumferentially averaged velocity at the stator inlet, V, and the
maximum deficit in the rotor wake, wﬁax' This results in an unsteady
nressure coefficient for both the suction and pressure sides of the
stator blade. Examples of these data are presented in Figures 40 and 41
for a stator incidence of -2 degrees and Figures 42 and 43 for a stator
incidence ¢I 17 degrees. In these figures, the time t = 0 is reirerenced
to the once-per-revolution pulse. The presented data are for a rotor/
stator cpacing of 2.0 rotor chords and a stator solidity, at the mean
radius of 0.986, and show the response of the transducers located at the
various chordwise positions. Similar data were obtained for a rotor/
stator spacing of 0.5 and a stator solidity of 0.493. These data are
similar to those obtained by other investigators, Lefcort (9),
Satyanarayana (17), and Ostdiek (24), in that lar_e amplitude variations
are observed near the leading edge of the blade which decrease rapidly
with distance along the chord.

Large angles of incidence produce much larger pressure amplitude
variations on the suction surface near the leading edge than are produced

at smalle> angles of incidence, Figure 42 versus Figure 40. Furthermore,
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the pressure coefficient on the suction surface for i = 17 degrees at
locations aft of the a/c = 0.05 position shows some degree of flattening
near the pressure peaks. This type of response resembles that obtained

by Satyanarayana (17) for a fixed cascade, and by Carter and St. Hilaire
(25) on the oscillating airfoil. In bnth cases, this flattening is
attribute? to local flow separation. However, a more detailed experimental
study is necessary to precisely pinp-i~.c the e=xistence of separation in

the experiment.

An alternative method for viewing the pressure fluctuations is to
expand the time axis to encompas- the time required for the passage of
a single wake across the blades. This period of time can be computed
from a knowledge of the velocity over the stator and the stator chord
length. Typical plots of the unsteady pressure coefficient as a function
of this nondimensional time, t;, are shown in Figures 44 and 45 for stator
incidence angles of -2 and 17 degrees, a rotcr/stator spacing of 2.0 chord
lengths, and a stator solidity of 0.986. A té = 1.0, the wake centerl.ne
is at the biade leading edge; when té = 1.0, the centerline is at the
trailing edge. Duving the time required for the passage of a single
rotor wake over the blade, a second wake interacts with the blade. Thus,
two wakes are lying on the stator blade at once. These plots permit the
examinazion of the variation of the suction and pressure surface pressure
coefficients as a function of chordwise position and time.

Jne significant feature of these data is shown in Figure 45. There
is an obvious phase shift in the pr-ssure or the suction surface between
locations x/c = (.02 and x/c = 0.05 when the stator blade was operated
at 17 degrees of incidence. The results of the Fourier analysis of these

data can be used to quantify such phase shift observations. Each pressure
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signal was decomposed into the form:

0

p(t) = C, cos (n® - ¢n) , (5

n=1

where one period of the signal (360°) is defined as one rotor revolution.
Thus, n = 12 is the first harmonic of the blade passing frequency, and
n = 24 is the second harmonic of blade passing frequency. The phase
angle of the unsteady pressures on the suction and pressure surfaces of
the blade are presented in Figures 46 through 49 as a function of x/c for
different values of rotor/stator spacing, solidity, and incidence zngle.
These phase angles are referenced to the signal from the once-per-rev lution
timing signal. Thus, these data indicate the relative behavior of the
pressures on the suction aud pressure sides of the blade. They do not,
however, indicate the absolute value of the phase angle of the pressure
fluctuations with respect to the wake as it interacts with the leading
edge of the blade.

Of major interest in these data is the observation that the phase
angle 1s nearly constant on the pressure surface of the blade while it
undergoes significant changes on the suction surface. This behavior is
similar to that observed by Satyanarayana (17) for a cascade of airfoils
operated ir. a sinusoidal low frequency, nonconvected disturbance flow.
However, the variations observed by Satyanarayana were continuous compared
to the erratic behavior observed in these tests. Further, Satvanarayana
showed his variations in phase angle to be a function of the stagger
angle of the tlade. In these tests, it is suspected that these large
variations in phase angle are associated with local flow separation.

This is supported by the fact that at -2 degrees incidence, the variations

of phase angle are much less than at 17 degrees incidence.
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Figure 48. Unsteady Pressure Phase Angle versus
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B

85

'i-—-——--— et e



SOLIDITY = 0.986

RIS=2.0
SUCTION SURFACE
L] ¥ L T 1 1 1 § L L]
300 |- A & -
\ R 1
20 L’. \ / \ / \ A

PHASE ANGLE, °12 (referenced to timing signal) (deg)
8

60
0
' \U’ \ p
60 |- /-
'
\\ I,
\ ’
'l?OL \ ) ..

Figure 49. Unsteady Pressure Phase Angle versus
x/c - R/S = 2.0, 0 = 0.986



SOLIDITY = 0.986
RIS =2.0
PRESSURE SURFACE

T T T T 1 T

PHASE ANGLE, 012 {referenced to timing signal) (deg)

T

60 |- —
0f ]
w i 1 - | L 1 i 1 1 1
0 02 04 06 08

XIC

1.0

Figure 49. Unsteady Pressure Phase Angle versus

x/c - R/S = 2.0, 0 =

Nn.986 (Continued)

87



88
The phase angle ¢ for n = 12 and n = 24 can be used to compute the
difference in phase angle between the pressure and suction surfaces of

the blade. This phase angle difference, defined as:
¢n(suction) - ¢n(pressure) . (6)

is shown in Figures 50 and 51 as a function of incidence angle at
constant values of x/c. Considering the response when n = 12, this phase
angle difference exhibits a definite trend with incidence angle in which
the phase angle difference decreases with increasing incidence angle.

This means that the picssure fluctuations on the suction and pressure

surface are tending toward a condition where they are in phase with each
other.
At a stator incidence of ~Z degrees, the phase angle difference is
near 180 degrees for locations nearer the leading edge. At stator i
incidence of 5 degrees, phase angle difference deviations from 180 ‘
degrees become more apparent, especially at x/c = 0.15. Finally, at a
stator incidence of 17 degrees. the phase angle difference differs from
180 degrees by a larger aamount, with large variations between positiorns
along the blade. At R/S = 2 and a solidity of 0.986, for example,
¢lz(suction) - ¢12(pressure) = 3 degrees at x/c = 0.15 indicates that
the pressures cn opposite sides of the blade are nearly in phase. The
phase angle between the suction and pressure surfaces for n = 24, two
times blade passing frequency, exhibits the same trends as the phase
angle as when n = 12,
As shown in Figure 50, the phase angle difference consistently
decreases with increasing incidence and also decreases with distance "

from the leading edge. While it is not plotted in Figures 51 and 52,
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examination of Figures 46 through 49 indicates that the phase angle
difference between the suction and pressure surfaces approaches zero at
the trailing edge. This demonstrates the manner in which the Kutta
condition that the pressure difference at the trailing edge, £,(TE), {is
satizfied. 1If the pressures on the suction and pressure surfaces are
in pnase, then a pressure can exist on both surfaces but their difference

is zero. On the other hand, if che pressure is 180 degrees out of ,.aase,

the pressure on each surface must be zero for the Kutta condition to hold.

Theoretical models predict that this latter approach is realized.
Fig.re 52 shows the change which occurs in phase :ingle between

x/c = 0.02 and x/c = 0.05, and 0.15 for the suction side of the tlade

as a function of inridence angle. A ~lear trend with incidence 1is

observed; the pressures are in phase for an incidence of -2 degrees and

becoming increasingly out of phase as the incidence increases. For an

N

incidence or 17 degrees, the phase shift between x/c = 0.0? and x/c = 0
is nearly 180 degrees at a solidity of 0.986, but 1is quife small at
solidity = 0.493, The phase shift between x/c = 0.02 and x/c = 0.15 is
not appreciably affected by solidity. There are no apparent effects due
to rotor/stator spacing.

Because of the large number of variables in this test program, it
{8 necessary to summarize the response of the stator blades to these
variables. Since the pressure traces described above indicate that the
major contritution of the wakes to the unsteady pressure on the stator
occurs at the leading edge of the blades, those variations at x/c = 0,02
have been used to characterize the behavior of the entire blade. The
trend of the unsteady pressures at x/c = 0.05 and 0.15% are similar.

Rather than considering the variation of pressure on each surface,

the difference in pressure between tne suction and pressure surfaces is
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used. This quantity is related to the magnitude of t“e unsteady lift, or
the pressure dipole, at the blade leading 2dge. This pressure differe.ce
is defined as the RMS of the magnitude of the peak-'o-peak variation.

Thus, a pressure coefficient, Cprms' is defined as:

APrms . _8.707

CPrms T o vV oW v
max max
N
X {%(psuction - ppressure)peak—to—peak
Figures 53, 54, 35, and 56 present the varfation of CPrmc as a
function of rotor/stator sracing, solidity, incidence anf , and chordwise

location, respectively.

These trerds in the data should be considereld, lLowever, in che light
that only two values of rotor/stator spacing and solidity were evaluated.
As previously menfioned, the insteady pressure response decreases rapidly
with location along the chord. At x/c = 0.15, Cprms i+ generally about
1/4 the value of Cprms 3% x/c = 0.02. The '.1llowing discussions are based
on the trends of CPrms at x/c = 0.02. These data indicate that a major
effect on Cprms is due tu the solidity of the stator blade row. For
example, at a icw stator solidity, o = 0.4°23, there 1s little effect of
ircidence angle and rotor/svator spacing on cprms' However, at 70 = 0,986,
there are large effects, parc.icularly at high values of incidence.
Further, there is a significant increase in Cprms at 17 degrees incidence
for a solidity of 0.986. There appears to be a trend with incidence,
Figur. 55, which indicates a positive value of incidence angle at a

minimum value of Cprms is experienced. This effect is similar to that

observed poth experimentally and analytically withk the unsteady lift on

-
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a cascade (16) for values of incidence less than 8 degrees. In this case,
the unsteady 1ift decreases with positive incidence due to the existence
of a chordwise component of the disturbance velocity. The increase in
Cprms at an incidence of 17 degrees is due to the fact that only the
pressure at the leading edge (x/c = 0.02) is being shown. At other
chordwise positions, the unsteady pressure and presumably the unsteady

1lift is greatly reduced.




COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS

Unsteady Stator Pressure Distribut.ions

Ideally, the data measured in this study should be compared with
an existing theoreticail analysis which predicts the unsteady pressures
resul ting from the interaction of the wakea of an upstream rotor on
the stator blades. If such a compariscn shows good agreement then the
theoretical analysis could be employed to determine the influence of
the various stator geometrical parameters--solidity, stagger angle,
camber--on the generation of unsteady nressures fcr a given rotor wake
flow field. However, the existing formulations for predicting the
unsteady pressures -n a cascade (13, 14) do not consider the interaction
of the blades with narrow wakes, but rather a sinusoidal varying inflow,
and furthermore, they are not formulated to calculate the unsteady
pressures. The only known analysis in which the narrow wake interaction
is considered is by Meyer (7). However, it considers only an isolated,
two-dimensional airfoil. While there are many dissimilarities between
a stator cascade and an isolated airfoil, the data obtained in this
study were ccapared with Meyer's analysis.

Meyer (7) was able to obtain the unsteady pressure distribution of an
isolated flat plate airfoil moving throughk a viscous wake when the flow
is assumed to be two-dimensicnal, incowmpressible, and inviscid. Since
perfect fluid theory (zero viscosity) cannot account for the formation
of viscous wakes or their dissipation, a description of the wakes must
be supplied from another source. The wake is analyzed as a region
containing vorticity. but governed by the vortex laws of perfect fluids

theory.
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For lightly-loaded, thin airfoils, the equations of motion may be
linearized. The effects of camber, blade thickness, and angle of attack
of the main flow (outside of the wakes) may be calculated separately end
the results superimposed on the sclution for flow at zero angle of attack
on a flat plate.

Meyer (7), however, considered a flat plate at zero angle of attack
with the geometry shown in Figure 57. (Meyer's configuration with an
upstream stator can be zoplied to a downstream stator arrangement by a
careful interchange of velocity.) The werke axis, a line connecting the
points of maximum velocity in the jet, is at an angle B to the airfoil
or the blade under consideration. The velocity defect can then be

expressed as components parallel and perpendicular to the blade:

u, = =w(f) cos 8 (8)

d

and

vy = w(&) cos B8 . 9)

It {s also assumed that the wake maintains a constant velocityv profile
a~d is not distorted by the blade. Using the approximation that the
velocity defect is small compared to the velocity relative to the blade
outside of the wake, V, and neglecting terms of higher order, Meyer

simplified the momentum equation to obtain:

3 o 0

where [ is the total vorticity. The analysis is also restricted to thin

wakes; {.e., if:

2b
¢ sin B8 ° (11)
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where 2b is the wake thickness where the wake velocity defect is one-half
of the maximum defect, the analysis requires that A << 1.

Meyer developed the following expression for the unsteady pressure

assuming infinitely thin wakes:
P8, t') = +pV WI(t')tan(6/2) , (12)

where * refers to the pressure and suction side of the blade, respectively.

This expression uses the nondimensional quantities:

x' = g-x . (13)
C
-1 ,
e = COS8 (x )! (14)
=2y ¢ (15)
C T
and
_ 1 )
W= J W(E)dE (16)
where
T(t') --11; J swelt 4qu . (17)

U is the integrated velocity defect per blade chord and represents the
effect of the wake, and W(£) 1s the wake velocity profile where the
variable £ is the distance measured from the wake centerline. The
component of the wake profile, W(f), parallel to the blade is ignored

and the function S(w) is the familiar Sears function. The nondimensional
time t' has the value -1 when the wake is at the leading edge of the
airfoil and +1 when the wake reaches the trailing edge. The function

T(t') has the value zero for t' < -1. At t' = -1, T(t') has a singular
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point in the pressure distribution at the leading edge in steady flow.
For -1 < t' < », T(t') decreases monotonically to zero at ®, indicating
that the wake has a decrea:ing influence as it passes the leading ~dge
and travels downstream.

Lefcort (9) extended Meyer's analysis for wakes of finite but small
thickness by superimposing the svlutions of many infinitely thin wakes

and determined that:
PO, t') = oV ﬁ(co')can(e/z) , (18)

where

o)

;’(to') = 4 [W(E')T(to' +£')dg" . (19)

-0

The nondimensional time to' is similar to the previously used t' but

refers to the centerline of the wake. The nondimensional distance &'

is defined as:

n o

E' == £ . (20)

The equations for p state that the pressure distribution on a flat plate
remains similar at all times and does not depend on the shape cf the
wake. The function T(t') is tabulated by Meyer (7) and more extensively
by Lefcort (9).

Several aspects of the theory will be considered: the magnitude of
the unsteady pressures and the shape of the pressure distribution;
specifically, the decrease in magnitude with location along the chord.
The expression ior p, Equation (4), states the chordwise variation of
the unsteady vressure depends only on tan (8/2) and the time variation

depends only on T(to'). Therefore, the unsteady pressure at any location
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on the blade is similar to but different in magnitude from all other
locations at each instance in time.

The unsteady pressures on the pressure and suction side of the blade
at a constant value of x/c are predicted to be opposite in signs; i.e.,
180 degrees out of phase and equal in magnitude. The validity of the
prediction that pressures on opposite sides of the blade are 180 degrees
out of phase has been previously discussed. At locations near the
leading edge, the pressures are nearly 130 degrees out of phase. The
phase angle changes at other locations on the blade. This deviation from
180 degrees increases with increasing incidence angle.

The peak~to-peak magnitude of the measured pressure coefficient,
E/pwmax V, summarized in Figure 58, shows the magnitude of the pressure
coefficient on the suction and pressure side of the blade to be equal
only at an incidence of -2 degrees, at the position x/c = 0.02 and with
a solidity of 0.986. The pressure coefficients are within 107 of each
other £or these conditions with a solidity of 0.493. At all other
positions on the bladz and al! other incidence: the magnitude of the
coefficients are not equal. This demonstrates, as would be expected,
that the influence on angle of incidence is to make the pressures on the
suction and pressure surfaces unequal. If Meyer's analysls were altered
to include the effects of angle of incidence, at best, it would predict
the difference in pressure between the suction and pressure surfaces.

A ccuparison of the chordwise variation of the measured and pre-
dicted pressure difference across the blade, CPrms {defined by Equation
(6)], 1s shown in Figure 59 for a rotor/stator spacing of two chord
lengths, o solidity of 0.986, and an incidence of -2 degrees. This
comparison indicatex that the shape of the variation of CPrms along the

chord from both the theory and the experiment are somewhat similar. The
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Figure 59. Comparison of Measured and Predicted CPrms
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magnitude of the unsteady pressuce difference, CPrms' at x/c = 0.02
predicted by theory is less than the measured value and are compared in
Figure 60. The predicted value 1s generally about one-half the measured
value. However, the predicted values are for an isolated airfoil, zero
solidity. When these predicted values are compared with the vari.tion
of Cprms with solidity (see Figure 54), 1t appears that the measured data
are tending t. the predicted value at ¢ =

The parameter, A, required to be much less than one in the develop-
ment of t¥-~ theory, varies from 0.15 at rotcr/stator sy:--~ing of 2.0 to
0.07 at rotor/stator spacing of 0.5. Thus, the conditior “hat A << 1
has been fulfiiled by the experfmental data.

In general, the comparison of the measured unsteady pressures in a
cascade with the isolated airfoil analysis by Meyer ( is poor. The
variation in measured data with rotor/stator spacing is a functiun of
the wake flow interacting with the blades and represents the : .put to
either a cascade or isolated airfoil analysis. On the other hand, the
influence of solidity and the chordwise component of the wake are not
!ncluded in Meyer's analysis. The present data indicate that: (1) a:
large angles of incidince which give an appreciable chordwise wake
component, the chordwise component does indeed c.intribute, Figure 55;
and (2) the solidity or the cascade does influence the unsteady pressures
on the blades, Figure 54. Additionally. slthough not investigated in
this study, there will be an influence of stagger angle as demonstrated
by Satyar rayana's data (17). Thus, a better theoretical model should
be developed for tne interaction of thin wakes with a cascade of airfoils
which includes the effects of the chordwise wake component, blade-to-blade

interactions (solidity) and scagger angle.
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Rotor/
Stator
Spacing Incidence Solidity Measurea Predicted

CPrms

2.0 -2 0.986 1-19 0-59
2.0 5 €.586 1.10 0.56
2.0 17 0.986 2.85 0.45
2.0 -2 00493 9096 0055
2.0 5 0.493 0.94 0.54
2,0 17 0.493 1.10 0.48
0.5 -2 0.986 1.00 0.66
6.5 - -5 0.986 0.76 0.72
.5 17 0.986 1.52 0.84
0.5 -2 0.493 0.97 —
0.5 5 0.493 0.68 ——
3.5 17 0.493 0.87 0.76

Figure 6). Comparison of C Measured and Predicted at
x/c = 0.02 Prms
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Unsteady Rotor Force and Moment

The potential interaction between the moving rotor blades and the
stationary stator blades generates an unsteady force and moment on each
blade row. Using the instrumented rotor blade discussed above, measure-
ments of the rotor unsteady 1lift and moment were made. The test variables
were identical to those in the previously described measurements of the
unsteady pressures on the stator blades. Measurements of the unsteady
lift and momen* were first made in che absence of unsteady potential flow
effects by operating the rotor with the stator blades removed. In this
condition, the output from the strain gauge instrumented rotor would
result from: structucral vibration, viscous wakes from the three center
shaft suppc-t struts located far upstream of the rctor, turbulence in the
rotor inflow, and any unsteadiness or steady circumterenticl flow dis-
tortion in the supposed uniform inlet flow. These data are used as a
background reference, to be subtracted from data measured with the
stator blades installed, thus establishing pocential flow interactions.

All of the unsteady 1ift and moment data were ensemble-averaged
using 100 sums and then Fourier analyzed. The strongest potential
interaction would be obtained with the smallest rotor/stator spacing
and highest steady loading (10). The magnitude of cne Fourier
coefficients of the unsteady lift, or normal force for this condition
(rotor/stator spacing of 0.5 and stator incidence of 17 degrees) and the
coefficients of the background are shown in Figure 61. These coefficients
are shown as the gauge output voltage; the sensitivity of the gauge (static
as well as dynamic characteristics) has not been included to give a force
level. The magnitude of the fourth coefficient, with four stator blades

installed, and the magnitude of the eighth coefficient with 8 stators
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installed, 1is only slightly larger than the background levels. The
magnitude of other coefficients such as the twelfth are sometimes
greater than, sometimes less than the background. This indicares the
magnitude of the unsteady 1lift, and similarly, the unsteady moment, is
not sufficient to be resolved from the background. The magnitudes of
the unsteady lift and moment at other rotor/stator spacings and incidence
were also too small to be meaningfully measured.

These data indicate that the potential interaction is vervy small
and, indeed, negligible as compared with the unsteady inceractions caused
by wake interactions. This is based on the fact that this strain gauge
system has successfully measured the unsteady 1lift and moment in a

spatiallv varying inflow (16).
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SUMMARY AND CONCL ISIONS

The purpose uf this study was to investigate the unsteady response
of a stator blade caused by the interaction of the stator with the wakes
of an upstream rotor. A major portion of this ef{ort was the development
of an instrumented stator tc allow the measurement of the unsteady
pressures on both its pressure and suction sides during such an inter-
actiou. This Jjevelopment was surcessfully completed and a series of
neasuvements were conducted to demonstrate the effects of (1) rotor/starer
spacing, (2) stator solidity, and (3) circumierentiai . ~2-megan incidence
angle on the unsteady pressures.

The following conclusions are drawn regarding the instrumentation
employed in this study:

1. The range of pressure transducers used in this study

was adequate to measure unsteady pressures on the
blades of the Axial Flow Research Fan. The largest
peak-to-peak pressure generated by a viscous wake
was B/pwmax V = 7.25 which corresponds to a value of
p equal to 2.75 cm of water. The pressures actually
experienced by the transducer were larger than this
value due to the presence of perturbations which
were not periodic with the rotor rpm. These

pressure perturbations were elimitated by ensemble

averaging. Peak-to-peak pressures as small as

ﬁlpwmax V = 0.25, which corresponds to a value of
p equal to approximately 0.095 cm of water, could be

discerned in the plotted output.
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2. The Pitran pressure transducers were adequate to
conduct the required measurements. Several dis-
advantages, however, indicate the desirability of
continuing to investigatz alternate pressure
transducers. The most severe disadvantage was the
Pitran's susceptibility to electrical interference.
Mach effort was spent (unsuvccessfully) trying o
e¢liminate 60 Hz interference and high frequency
electromagnetic pickup from the 3CR's in the rotor
and auxiliary fan motor contrcllers. The Pitrans
were also very fragilc and susceptible to mechanical
damage; the calibration coas -'at could change if the
blade was disassemble¢ and reassembled. Additionally,
because of their temperature =< :3!{" .1ity, the L.C.
output of the Pitran must be electrically cancelled
which means that the time-mean pressure cannct be
measured.

3. The ensemble-averaging technique employed was
necessary to permit the analysis of these data.
Random fluctuations and unsteady pressures which
are not periodic with the rotor can be successfully
eliminated by this technique.

4. The strain gauge inestrumented rotor blrde and
associated signal conditinning did not have
sufficient sensitiviiy to measure the rotor/stator
potential interaction. Based on earlier measure-

ments with this rotor blade, it 1is concluded that
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the unsteady 1ift caused by potential interactions
is significantly less than the blade-wake interaction
unsteady lift.

The distribution of pressure sensing ports should be
more heavily weighted toward the leading edge of the
blade since the major changes in unsteady pressure
occur at the leading edge.

The arrangement of a cavity-surface tap was well
suited to measure the unsteady pressures. The
cavity-surface tap arrangement can be designed to
avoid cavity resonance problems. Thus, the diffi-
culties of using flush-mounted transducers on a

curved surface can be avoilded.

From the unsteady pressure measurcments obtained, it is concluded

that:

1.

A major effect on the unsteady stator pressure is

due to the solidity of the stator blrsde row. Ar a
low solidity, 0.493, Cmes w's sbserved to be
relatively insensitive to rotor/statcr spacing aml
stator incidence angle., At a solidity of 0.986,

there are large effects due to the change in rotor/
gtator spacing and incidence., At the higher solidity,
the blade-~to-blade interactions have a larger
contribution.

There is a positive valu. of the angle of incidence

that minimizes Cp . This agrees with the trends
rms
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predicted by both unsteady isolated airfoil and
cascade analyses in which the effects of angle of
attack are considered.

The range of rotor/stator spacing investigated has

a weak influence on Cprms' Cprms was slightly

higher at a spacing of two chord lengths. This
indicates a minor change in the wake characteristics
in this range of rotor/stator spacing.

The phase angle of the unsteady pressure fluctuations
on the biade shows significant variation on the
suction surface while being relatively constant on
the pressure surface. With increasing angle of
incidence, the variations on the sn»ction surface
become much larger. It is suspected that this is

due to local flow separation.

The difference in phase angle between the suction

and pressure surfaces of the bladea is approximately
180 degrees at the leading edge of the blade and
tends to zero degrees at the trailing =dge.

The Kutta condition can be satisfied at the trailing
edge of the blade by the existence of a nonzerc value
of pressure on the suction and pressure 3surfaces of
the blade. In this case, the surface pressures are
in phase and equal in magnitude, thus giving a zerc
pressure difference at the trailing edge. This is
different than the available theoretical analyses
which state that the pressure on each surface is zero

and 180 dogrees out of phase at the trailing edge.
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Several observations concerning the theoretical prediction by Meyer

(7) and Lefcort (9), which were compared with the experimental data, are

made:

1.

The prediction that the unsteady pressures on opposite
sides of the blade are 180 degrees out of phase is
correct near the leading edge at low values of
incidence angle.

The prediction that the unsteady pressure on opposite
sides of the blade are 180 degrees out of phase is
only true at low values of incidence and near the
leading edge of the blade. The phase angle between
pressures on opposite sides of the blade changes
significantly with incidence angle. The prediction
that the pressure distribution is similar at all
times 1is approximately true on the pressure side of
the blade and approximately trie on the suction side
of the blade, but only near the leading edge at low
values of incidence. Discrepancies from the pre-
diction increase with increasing incidence angle

and increasing distance from the leading edge.

The predicted unsteady pressure coefficient is
approximately one-half the measured unsteady
pressure coefficient. This observation is the
opposite of that observed by Ostdiek (24) for a
cascade of airfoils at low reduced frequency.
However, the measured values of unsteady pressure
c~efficient appear to approach the predicted values

at zero solidity.

e . v————— |
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The prediction that suction and pressure side unsteady
pressures are equal in magnitude was only found to be
true only at x/c = 0.02 with an incidence of -2
degrees and solidity of 0.986 and approximately true
at these at x/c = 0.02 with a solidity of 0.493.
There were large differences at other values of
incidence and x/c. This implies that theoretical
analyses based on a thin~airfoil analysis can only
be used to predict the difference in pressure between
the suction and pressure surfaces and not the pressure

on each surface.
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RECOMMENDATIONS

Based on the experience and results obtained in conducting this
study, there are several recommendation. which are pertinent to further
research conducted regarding the unsteady response of an axial flow fan
to spatial inlet flow distortions. These are:

1. The investigation of the response of a stator to the
wakes of an upstream rotor, while being a very impcr-
tant problem, does not represent a ''clean" experiuaental
setup. As a result, it is difficult to draw hard
conclusions regarding the influence of various
geometrical and flow characteristics on the unsteady
response of the axial flow fan blades. A much "cleaner"

experimental setup is that employed in Reference (16)
with a rotating blade row and simplified sinusoidal
spatial distortions.

2, The detailed measurement of unsteady pressures on
the blades of an axial flow fan represent a necessary
plece of experimentz2l data to permit the determination
of unsteady fan design data. Such data are also
important in the development of a knowledge of the
boundary layer and wake on a blade which experiences
an unsteady interaction. It is necessary then to
conduct additional measurements of the unsteady
pressures in a test setup similar to that employed
in (16), i.e., a rotor blade interacting with the

simple sinusoidal spatial distortion.




The instrumentation develonmented conducted in
this study should be extended to provide a rotor
blade on which unsteady pressure distribution can
be measured. The same basic technique should be
employed, except different pressure sensors which
are less fragile and temperature sensitive should
be employed.

Efforts should be made to develop an unsteady
cascade analysis which will predict the unsteady
pressure distributions while including the
influence of solidity, stagger angle, camber,
thickness and angle of incidence. This analysis
should not be restricted to the prediction of the
pressure difference across the blade, but should
provide the pressures on each side. The effects
of thin wakes such as studied by Meyer (7) and
Lefcort (9) should also be includled.

After verification ot this advaaced analysis by
experiments, it should be used to obtain unsteady
design data which demonstrate the influence of
blade geometry and f*uw characteristics.
Experimental data should be obtained which
demonstrates the behavior of the blade boundary
layer, i.e., transition and separation, during
the interaction of the blade with a spatial

distortion. Such measurements could be obtained

with flush mo:nted hot-film sensors. Additionally,
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time varying measurements of the blade boundary layer
profile and wake should be obtained to provide a

better description of the unsteady blade interaction

problem.
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APPENDIX A

THEORETICAL RESPONSE OF TUBE- \.ITY SYSTEMS

The ineoretical analysis of a tube-cavity system historically began
with the classic resonator analogy. Similar to a mass on a massless
spring, the significant fluil mass is assumed concentrated in the tube
of the resonator, and the volume of the cavity acts as a massless spring,
Figure A-1. This system is commonly known as a Z~lmholtz resonator. The

resonant frequency is given in various references, e.g., (26) as

1 Jmd"c

Jzz‘
fresonant T om V(L+E)

where d {s the tube diameter, c¢ is the speed of sound, L is the tube
length and V is the cavity volume. The end correction, E, is adled to
account for the motion of the fluid outside the tube. The end correction
is generally taken as 0.3d.

Alster (27) improved the basic model by considering the effects of
motion of mass particles inside the cavity and was able to show the
resonant frequency depends on the shape of the interior cavity.

Hersh and Rogers (28) have an excellent discussion of the progress
made in theoretical analysis of tube-cavity systems and of orifices. The
behavior of an oritice, similar to a tube-cavity system having a tube of
negligible length, is frequently described in terms of its impedance.
Impedance is a couplex quantity consisting of resistance and reactance.
The magnitude of impedance is given by the ratio of covity pressure to
the orifice velocity. For orifices, two regimes may be considered. In
the linear regime, which cxists at low driving pressures, the reactance

portion of the impedance ic much greater than the resistance. The orifice

EY.
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impedance is essentially independent of incident pressure. In the non-
linear regime, at sufficiently high driving pressure, the fluid separates
at the orifice and forms a jet. The orifice impedance can be related to
a time-average discharge coefficient. Although these resulis are not
directly applicable to tube-cavity systems, it is reasonable tc expect
some similarities between the fluid mechanics of orifices and of tube-
cavity systems.

Iberall (29) derived the rube-cavity resnonse using the equations
of momentum, energy, continuity, and state. The flow is assumed laminar
everywhere in the system with small sirusoidal pressure variationms.
Expansions were assumed polytropic and tube lengths are long compared to
any tube radius. Bergh and Tijdeman (30) extended this analysis to a
series of connected tubes and cavities.

The results of Iberall and Bergh and Tijdeman are used in this
investigation. These analyses do not yilell! simple expressions and,
therefore, are not reproduced here. The resonant frequency predicted by
Iberall, by the classical Helmholtz resonator theory, and the resonant
frequency indicate by dynamic calibration are shown in Figure 14. The
uncertainty of the resonant frequency in the dynamic calibration indicated
in Figur ’4 is only a rough estimate based on the increment in driving
frequency used in the dynamic calibration. Despite wave reflection
effects mentioned in the discussion of the calibration setup, the resonant
frequencies indicated by the dynamic calibration agree reasonably well
with the values predicted by Helmholtz and Iberall. The dynamic sersi-
tivity of the Pitran transducer at low frequencies is genmerally within
2 dB of the statically determined value.

The presence of flow parallel to the blade surface influences the

tube-cavity response. The momentum of the tube inflow or outflow
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interacts with the momentum of the parallel flow past the blade.
Baumeister and Rice (31) used thin streams of dye to observe streamlines
in the parallel flow and in t e tube flow. The parallel flow can act
to restrict the tube outflow, or the streamline from the parallel flow
can center *he tube during inflow. Thus, flow conditions are different
for inflow and outflow. Rogers and Hersh (32) modeled the effect of a
flow parallel and orifice subject to high pressure levels and found good
agreement with experimental data.

Groeneweg (33) shows predicted and experimental data for resistance
of a Helmholtz resonator versus Mach number of the parallel flow, Figure
A-2. For conditions generally encountered in the AFRF, Mach number less
than 0.06, the effect was small.

Tijdeman and Bergh (34) presented similar data. They also modeled
the effect of the parallel flow and developed an expression describing
the response of the tube-cavity in the presence of parallel flow. Using
an experimentally determined coefficient, good agreemen -as f.und
between theory and experiment, Figure A-3. The effect for conditions

encountered ‘n this investigation is small.




Figure A-2.
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Figure A-3. Mach Number Effects on Cavity-Tube Response (34)
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